Background Muscle mass, as determined from 24-h urinary creatinine excretion rate (CER), is an independent predictor for mortality and graft failure in renal transplant recipients (RTR). It is currently unknown whether CER is comparable with healthy controls after transplantation and whether it reflects muscle performance besides muscle mass. We aimed to compare urinary CER and muscle performance between RTR and healthy controls and to investigate whether urinary CER is associated with muscle performance in RTR. Methods We included RTR, transplanted between 1975 and 2016 in the University Medical Center Groningen. Healthy controls were subjects screened for kidney donation. CER was calculated from a 24-h urine collection. Muscle performance was assessed by handgrip strength, sit-to-stand test, and 2-min walk test. Statistical analyses were performed using linear regression analyses. Results We included 184 RTR (mean age 56.9 ± 11.9 years, 54% male recipient) and 78 healthy controls (age 57.9 ± 9.9, 47% male recipient). RTR were at a median time of 4.0 (1.1-8.8) years after transplantation. Mean CER was lower in RTR compared to healthy controls (11.7 ± 4.0 vs. 13.1 ± 5.2 mmol/24 h; P = 0.04). Significantly poorer results in muscle performance were found in RTR compared to controls for the handgrip strength (30.5 [23.7-41.1] N vs. 38.3 [29.3-46.0] N, P < 0.001) and the 2-min walk test (151.5 ± 49.2 m vs. 172.3 ± 12.2 m, P < 0.001) but not for the sit-to-stand (12.2 ± 3.3 m vs. 11.9 ± 2.8 m, P = 0.46). In RTR, CER was significantly associated with handgrip strength (std. β 0.33; P < 0.001), independent of adjustment for potential confounders. In RTR, CER was neither associated with the time used for the sit-to-stand test (std. β À0.09; P = 0.27) nor with the distance covered during the 2-min walk test (std. β 0.07; P = 0.40). Conclusions Muscle mass as measured by CER in RTR is lower compared to controls. CER is positively associated with muscle performance in RTR. The results demonstrate that CER does not only reflect muscle mass but also muscle performance in this patient setting. Determination of CER could be an interesting addition to the imaging technique armamentarium available and applied for evaluation of muscle mass in clinical intervention studies and observational studies.
Introduction
Survival after renal transplantation outweighs survival on dialysis, offering better quality of life, against lower cost, making transplantation the treatment of choice for patients with end-stage renal disease. 1, 2 This survival benefit is mainly the result of the advancement in tissue matching techniques and the development of better immunosuppressive therapy leading to a remarkable improvement in short-term survival after renal transplantation. 3 Unfortunately, this improvement in short-term survival has not yet been translated in improved long-term survival. 4 It has been hypothesized that the development of numerous complications after renal transplantation including post-transplant obesity, new-onset diabetes after transplantation, cardiovascular disease (CVD), and accelerated senescence are the cause of this impaired long-term survival. The latter of these complications are often characterized by a low muscle mass, or sarcopenia, and a progressive decline in muscle strength. [5] [6] [7] The severity of the latter complication is substantiated by study results which show muscle mass to be inversely associated with mortality and graft failure in renal transplant recipients (RTR).
8
A non-invasive method to estimate total body muscle mass is urinary creatinine excretion rate (CER). In a steady state, creatinine is produced at a constant rate, depending on the quantity of muscle mass, as creatinine is formed from the non-enzymatic conversion of creatine and creatine phosphate in muscle. 9 As a result, CER is an established method to study total body muscle mass in healthy populations and transplant recipients. [10] [11] [12] Moreover, a recent study demonstrated an association between CER and frailty and frailtyrelated markers in patients suffering from chronic kidney disease, indicating that CER is not only a marker for muscle mass, but may also reflect muscle performance. 13 Consequently, muscle performance may at least partially explain the association of muscle mass with mortality, as muscle strength has been demonstrated to be an even stronger predictor of mortality.
14,15
As is it currently unknown, we aim to assess whether muscle mass as reflected by CER in RTR is comparable with healthy controls. Furthermore, this study aims to determine whether urinary CER, as marker for muscle mass, is associated with muscle performance in RTR. We hypothesize that muscle mass, as reflected by CER, is positively associated with muscle function in RTR.
Methods and materials

Study design and population
This study is part of the TransplantLines Biobank and Cohort Study of the University Medical Center Groningen. In brief, all RTR (aged ≥18 years) with a functioning graft who visited the outpatient clinic of the University Medical Center Groningen between June 2015 and July 2016 were invited to participate. RTR with missing baseline data on CER were excluded. Written informed consent was acquired of all eligible RTR prior to inclusion, and the TransplantLines study protocol was approved by the institutional research board (METc 2014/077), adhering to the declaration of Helsinki. Furthermore, the study protocol is in concordance with the principles of the Declaration of Istanbul as outlined in the 'Declaration of Istanbul on Organ Trafficking and Transplant Tourism'. 16 
Healthy controls
To compare the analyses with a healthy control group, we included 78 subjects who were evaluated for living kidney donation. All subjects participated in the TransplantLines cohort study (METc 2014/077). All subjects were deemed healthy controls, as all subjects were healthy enough to undergo kidney donation in the University Medical Center Groningen, The Netherlands. None had history of kidney disease, diabetes, or cardiovascular events. Hypertension, if present, was treated with a maximum of one antihypertensive drug.
Data collection and measurements
Gender, date of birth, primary renal disease, weight, height, transplantation date, dialysis parameters, and data on medication use were extracted from the electronic hospital records. Body mass index was defined as weight divided by height squared (kg/m 2 ). Body surface area (BSA) was calculated using the DuBois formula. 17 Additional body composition measurements were collected utilizing multifrequency Bio-Impedance Analyses (Quadscan4000, Bodystat Ltd, Douglas, British Isles). Data on fat mass and dry lean weight were extracted for analyses. A positive history of CVD was defined as a clinically diagnosed myocardial infarction, stroke, and/or peripheral arterial disease. Protein intake was calculated using an equation based on urinary urea excretion. 18 The estimated glomerular filtration rate was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation.
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Data on haemoglobin levels, mean corpuscular volume, haematocrit levels, haptoglobin, glucose, total cholesterol, low-density lipoprotein (LDL) cholesterol, high-density lipoprotein cholesterol, triglycerides, high sensitivity C-reactive protein (hs-CRP), serum albumin, and serum creatinine were extracted from the hospital laboratory system. Levels of total serum testosterone and androstenedione were measured using liquid-chromatography-tandem mass spectrometry (TQ-S Xevo, Waters, Milford, MA, USA, and Symbiosis Pharma, Spark-Holland, Emmen, NL). To ensure measurement of total serum testosterone levels, a protein disruptor was added.
All patients received strict instructions to assure adequate 24-h urine collection. At the start of collection, all patients were instructed to start by discarding a void and to subsequently collect all urine for the next 24-h, including a void at exactly 24-h after the collection start. Data on 24-h urinary CER, proteinuria, and urinary urea excretion were extracted from our hospital laboratory system.
Immunosuppressive regiments
Immunosuppressive medication was regulated by standardized protocols which have been previously described. 20 Variations to the standard regimes were present and were due to treatment of allograft rejection or side effects. The cumulative dose of prednisolone was calculated by multiplying the time since transplantation by the prescribed dose of prednisolone and adding the dose of prednisolone and/or methylprednisolone required for treatment of acute rejection. A conversion factor of 1.25 was utilized to convert methylprednisolone dose to prednisolone dose.
Physical function tests
Handgrip strength (HGS) was chosen as a marker for muscle strength in the upper limbs. HGS was measured with a hydraulic handheld dynamometer (Patterson Medical JAMAR 5030J1, Warrenville, Canada). Participants were asked to perform this test, while sitting with their shoulders in adduction and their arms rotated into neutral position. Elbows were flexed to 90°, and forearms and wrists moved into neutral position. Participants were instructed and stimulated to perform a maximal isometric contraction. Measurements were alternately repeated between both hands with an interval of 30 s. The average of three consecutive measurements were calculated for analyses.
To measure muscle strength of the lower limbs, a sit-tostand test was performed. A straight-backed chair with a hard seat was stabilized by the investigator. Participants were asked to sit down, subsequently put their feet flat on the floor, and to fold their arms across the chest. Furthermore, participants were instructed to fully stand up before sitting down again without using their arms. Measurements were started in seated position, and upon command, patients stood up and returned sitting. This routine was done five times as rapidly as possible. The average of two consecutive measurements were calculated for analyses.
The 2-min walk test (2MWT) was performed to test endurance. For this test, participants were asked to walk as fast as possible without running for a consecutive time of 2 min. To calculate the distance covered by the participants, two markers were set 15 m apart. 16 
Statistical analyses
Statistical analyses were performed using IBM Statistics SPSS version 23.0 (IBM Inc. Chicago, IL, USA) and R version 3.2.3 (Vienna, Austria). A two-sided P-value of ≤0.05 was considered to be statistically significant. A total of 220 RTR were included. Data on CER were missing or incomplete in 36 RTR, leaving 184 RTR eligible for analyses. Distribution of variables was assessed by histograms and probability plots. Normally distributed variables are presented as mean ± SD, skewed distributed variables are presented as median (IQR), and categorical variables are presented as a number (percentage).
To identify differences in CER and muscle performance between RTR and healthy controls, t-test for independent samples were performed when variables were normally distrubuted. Mann-Whitney U tests were performed when variables were skewedly distributed and chi-squared tests when variables were categorical. Potential differences across sex-stratified tertiles of CER were assessed, using one-way analysis of variance tests were performed for normally distributed variables, Kruskal-Wallis test when variables were skewedly distributed, and chi-squared tests were used for categorical variables.
Percentage difference in CER and percentage difference in protein intake between RTR and healthy controls were calculated as ((CER RTR À CER healthy controls )/(CER healthy controls )) × 100% and ((Protein intake RTR À Protein intake healthy controls )/(Protein intake healthy controls )) × 100%, respectively.
To study the association of CER with HGS, sit-to-stand test, and 2MWT, multivariable linear regression analyses were performed. First, a crude analysis was performed (Model 1). We then proceeded with adjustments for age and sex (Model 2). Model 3 was additionally adjusted for renal function, time after transplantation, donor type, and BSA. Thereafter, we additionally adjusted for cardiovascular risk factors, including hypertension, glucose levels, and a history of CVD in Model 4, LDL-cholesterol, serum albumin, hs-CRP, androstenedione, and protein intake in Model 5. Lastly, in Model 6, we additionally adjusted for medication use, including cumulative prednisolone dose, use of a calcineurin inhibitor, lipid lowering drugs, and insulin use.
Results
Comparison of renal transplant recipients with healthy controls
In both groups, there was a similar number of male subjects and age did not differ between the two groups (data presented in Table 1 ). Healthy controls had higher levels of CER compared to RTR. In addition, healthy controls had a greater HGS than RTR and performed better at the 2MWT. No difference in performance of the sit-to-stand test was observed. Percentagewise, RTR had a 10.7% lower CER and 1.5% lower protein intake compared to healthy controls.
Baseline characteristics
Out of the 184 RTR eligible for analyses, 54% was male with a mean (±SD) age of 56.9 ± 11.9 years. Median (IQR) time after transplantation was 4.0 [1.1-8.8] years. Because there is a physiological difference in the quantity of muscle mass between men and women, RTR were divided into sex-stratified tertiles of CER. Mean CER was 12.9 ± 4.0 mmol/24-h for men and 9.5 ± 2.9 mmol/24-h for women. Baseline characteristics are presented in Table 2 according to sex-stratified tertiles. RTR in the lowest tertile were older and had more often a history of CVD. Furthermore, BSA, levels of androstenedione, and protein intake gradually increased over the tertiles. Causes of primary renal disease, kidney function, hs-CRP, testosterone, and cumulative prednisolone dose did not differ across tertiles.
Association of urinary creatinine excretion rate with muscle strength and endurance
To investigate whether urinary CER is associated with muscle performance, standardized βs for the association of CER with HGS, sit-to-stand-test, and 2MWT were calculated for RTR and were presented in Table 3 .
Univariate analysis of the association of CER, measured as continuous variable, with HGS showed a significant association with a standardized β of 0.64, P < 0.001 ( Table 3 , Model 1) and is graphically depicted for men in Figure 1A and for women in Figure 1B . Subsequently, we proceeded with multivariable analyses in which adjustments for age and sex were made, std. β 0.49, P < 0.001 ( Table 3 , Model 2). Further adjustments for estimated glomerular filtration rate, time after transplantation, donor type, and BSA resulted in a standardized β of 0.41 P < 0.001 (Table 3 , Model 3). Additional adjustments for cardiovascular risk factor did not materially change the results (std. β 0.41 P < 0.001) ( Table 3 , Model 4). Further adjustment for androstenedione, LDL-cholesterol, serum albumin, hs-CRP, and protein intake showed a significant association with a standardized β of 0.32 P < 0.001 (Table 3 , Model 5). Finally, additional adjustments for medication use in Model 6 (R 2 = 0.76) did not materially change the association of CER with HGS, std. β 0.33 P < 0.001 (Table 3) . univariate analysis of the association of CER with the sit-tostand test showed a borderline significant association with a standardized β of À0.19, P = 0.06 ( Table 3 , Model 1). After additional adjustments for age and sex in Model 2 and kidney function, time after transplantation, donor status, and BSA in Model 3, an association between CER and the sit-to-stand test was uncovered (std. β À0.19, P = 0.03). Adjusting for a history of CVD, hypertension, and glucose levels did not materially change the association (std. β À0.18, P = 0.04). However, the association was lost after additional adjustment for the potential confounders in Models 5 and 6 (std. β À0.08, P = 0.30 and À0.09, P = 0.27, respectively). To investigate the association of CER with 2MWT, a crude analysis was first performed and did not reveal a significant association (std. β 0.14, P = 0.16). Adjustment for all potential confounders did not uncover an otherwise existing association of CER with 2MWT (std. β 0.07, P = 0.40).
Discussion
In the current study, we demonstrated that despite all effort, muscle mass, HGS, and endurance in RTR are still not at a comparable level to healthy controls. Moreover, 24-h urinary CER was found to be a marker not only for total body muscle mass but also for muscle performance in RTR. The results of this study support the previously reported hypothesis of a positive association of muscle mass and muscle performance.
To the best of our knowledge, this study is the first to show a positive association between urinary CER and muscle performance in RTR. Our study results are in line with previous findings that demonstrate a positive correlation between lean body mass, as measured by dual energy X-ray absorptiometry (DEXA), and muscle strength in RTR. 21 It should be noted that lean body mass does not solely reflect muscle mass, considering lean body mass also consists of body water and organs tissue, potentially leading to inaccuracies. This was demonstrated in healthy subjects where CER, compared to DEXA, was found to be a more sensitive marker to assess changes in body composition. 11 The authors demonstrated CER to decline with age, whereas muscle mass determined by DEXA was not effected by age. Furthermore, lean body mass can easily be overestimated, because DEXA analyses and computed tomography lack the capability to differentiate between muscle mass and intramuscular fat infiltration and intramuscular oedema. 9 Fat infiltration in muscles results into a lower skeletal muscle density, which in turn was found to be a better prognostic marker for patient survival than skeletal muscle index.
21,22
In individuals with kidney function in steady-state and not dependent on dialysis for renal replacement therapy, CER is a reliable surrogate of skeletal muscle mass, which, to a small extent, may co-vary with the amount of dietary meat intake. 8, 23 It is important to note that many dialysis patients have minimal to no urine output, so that CER cannot be accurately assessed in this patient group. 23 In this subgroup of patients, in which variation in kidney function does not materially influence serum creatinine concentrations, serum creatinine is more a marker of muscle mass than of kidney function. It has indeed been shown that serum creatinine is associated with DEXA-measured lean body mass in hemodialysis patients. 23 In this line of research, it has also been shown that in hemodialysis patients, serum creatinine assessed while being on dialysis is inversely associated with rates of mortality, both on the waiting list for transplantation and after transplantation, likely because in this circumstance high serum creatinine reflects high muscle mass.
24,25
In patients with advanced stage of chronic kidney disease, including end-stage renal disease, a low muscle mass is likely the consequence of a combination of decreased muscle protein synthesis and increased muscle protein degradation. 26 Anorexia, leading to low protein intake, in combination with reduced anabolic stimuli, particularly low physical activity has been suggested to underlie decreased muscle protein synthesis. 27, 28 Increased muscle protein degradation is often a result of catabolism induced by metabolic acidosis and chronic lowgrade inflammation in this population. 26 When patients with end-stage renal disease are transplanted, transplantation is expected to at least partially reverse the tendencies for decreased muscle protein synthesis and increased muscle protein degradation. We found that in RTR, muscle mass is significantly lower compared to healthy controls, and percentagewise is more pronounced than the difference in protein intake, making it unlikely that a difference in protein intake entirely explains the difference in muscle mass. Another component that could contribute to lower muscle protein synthesis is lower physical activity. Although we did not have data on physical activity in the current study, we have previously shown that RTR maintain very low levels of physical activity, with only few RTR meeting the guidelines for regular physical activity. 29, 30 It is likely that, in addition to decreased muscle protein synthesis, there is also a component of increased protein catabolism that adds. In many RTR, the immunosuppressive regimen for prevention of allograft rejection includes chronic treatment with glucocorticoids. Such treatment has been shown to increase muscle protein degradation and induce muscle atrophy. 31 As the cumulative prednisolone dose did not differ across sex-stratified tertiles of CER, it cannot explain the differences in CER between RTR, but on population level, it could contribute to the difference between RTR and healthy controls. Finally, RTR can be subjected to rejection episodes, to intercurrent diseases, do often exhibit a chronic immune response to the transplant, do often endure the inflammatory aspects of chronic atherosclerosis, and usually suffer from suboptimal kidney function, all of which can contribute to chronic low-grade inflammation and protein-energy wasting. [32] [33] [34] In the current study, levels of hs-CRP were found to be higher in RTR compared to healthy controls, making chronic low-grade inflammation leading to protein-energy wasting a plausible mechanism contributing to the difference in CER levels between RTR and healthy controls. No association was found between CER and the sit-to-stand test or endurance. This shows the complexity of the association between muscle mass and muscle function in RTR. For this study, we selected the sit to stand as marker for lower limb strength as it is a reliable and valid clinical tool, which is least effected by age-dependent changes and commonly used to assess muscle strength and mobility. 35, 36 However, in a recent study, Buckley et al. showed quadriceps peak torque to be more closely associated with endurance than strength.
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This could potentially explain why both the sit-to-stand test and the endurance test were not associated with CER. An important strength of this study is that the cohort used for analyses is a relatively large well-characterized cohort of stable RTR with extensive data on anthropometrics, biochemical measurements, and medication use. Another strength is that all measurements in RTR were put into perspective by measurements in health controls. Finally, in this study, we analysed not only muscle strength but also endurance.
The current study has some limitations that should be noted. CER as determined from 24-h urine collection is a direct measurement of muscle mass. It should, however, be noted that 24-h urine collection is prone to collection errors. In our study, minimization of collection errors was acquired by careful instruction. Another limitation is that we could not control for dietary meat or fish intake, as our study is observational in nature. Finally, due to lack of data, levels of physical activity could not be taken into account.
In a previous study, 24-h urinary CER was found to be an independent predictor for mortality and graft failure in RTR. 8 As we have now demonstrated that CER, a well-known biomarker for muscle mass, is also associated with muscle performance, CER could potentially be utilized as a modifiable factor to improve post-transplant patient and graft survival. Although, CER is a non-invasive, easily accessible, inexpensive, and direct measurement of total body muscle mass; it is often not included in the imaging technique armamentarium available and applied for evaluation of muscle mass in clinical intervention studies and observational studies. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] Each of the imaging techniques that can be applied in clinical intervention and observational studies has its drawbacks, with expenses and availability as most important drawbacks for magnetic resonance imaging and computed tomography, while DEXA and muscle ultrasonography share the major disadvantage of not being able to measure intramuscular adipose tissue. 22, 48 This impedes assessment of muscle quality, a measure which is nowadays more and more appraised as a more important determinant of outcome than quantification of muscle mass without taking intramuscular fat into account.
22,48
Although bioelectric impedance analysis is often advocated as a safe and inexpensive alternative to whole-body imaging, its results may easily be altered by fluid retention and general health status. 48, 49 Although, for certain, application of CER has the drawback of lack of availability of a reference value in elderly people 48 its generation from the non-enzymatic conversion of creatine and creatine phosphate in muscle 9 guarantees that it is insensitive to intramuscular fat and oedema and thereby provides a direct reflection of total body muscle mass. If observational studies, like one showing that muscle quality as assessed by computed tomography is predictive of long-term survival in a cohort of elderly diffuse B-cell lymphoma patients, 21 would start including collection of 24-h urine for determination of CER, predictive properties could be compared and it could be evaluated whether CER is of additional predictive value or could even replace assessment of muscle quality as assessed by computed tomography or magnetic resonance imaging in future studies. Inclusion of a healthy control group of elderly subjects could facilitate generation of normal values and cut-off values for defining sarcopenia. If intervention studies evaluating effects of treatment on muscle mass by imaging techniques, like one that investigated the effect of espindolol on cachexia in nonsmall cell lung cancer or colorectal cancer 45 would start including collection of 24-h urine for determination of CER, the efficacy of CER as outcome measure insensitive to intramuscular adipose tissue infiltration and oedema could be evaluated and provide data for power calculation for future trials with CER as outcome in addition to muscle mass and muscle quality determined by imaging techniques or even serve as an alternative.
In conclusion, 24-h urinary CER is positively associated with HGS in RTR. This implicates that urinary CER does not only reflect total body muscle mass but also muscle performance in RTR. Future research is warranted and should preferably focus on the utility of CER as modifiable component to improve long-term outcome after renal transplantation and on its potential for addition to the armamentarium of imaging techniques available and applied for evaluation of muscle mass in clinical intervention studies and observational studies.
